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(Beijing)Abstract The extraordinary lateral continuity of isopachous stromatolite laminae in the ~87 m-thick
Mesoproterozoic Lakshanhatti Dolomite (India) evinces chemical precipitation. Fan-shaped crystals grown on
lamina surfaces further corroborate this contention; growth of fan-shaped crystals under the overhanging
stromatolite column-margin indicates direct carbonate precipitation from ambient waters. The fan-shaped
crystals are stacked up, separated only by thin dark micritic laminae. In a relatively upper stratigraphic in-
terval of the formation, lighter laminae characterized by a clotted texture and traversed by numerous winding
tubular voids change gradually upwards into dark micritic laminae. Some sporadically distributed lenticular
intraclastic beds also have the similarly dark micritic coatings.
Clear carbonate cement crusts also occur between laminae and between successive dark micritic coats
around intraclasts. Dull cathodoluminescence (CL) characterizes this cement as well as the cement lining
within early diagenetic voids. In contrast, the laminae with clotted textures show dirty orange luminescence,
while the dark micritic laminae and the dark micritic grain-coats display clear bright orange luminescence.
Pyrite and its pseudomorphs are preferably concentrated along the dark micritic laminae. Carbon content in
these dark micritic components, whether laminae or coats, is much higher than in the lighter components,
exceeding what can be accounted for their CaMg(CO3)2 composition. A large part of this carbon is kerogen,
plausibly biogenic. The dark components are, therefore, reasonably, though not unequivocally, assumed to be
microbial mats. Degradation of the mats might have given rise to the light laminae with clotted textures. The
fuzzy-margin tubes within the light laminae probably manifest the escape of gases generated during organic
matter decomposition.
SieAl-rich terrigenous ﬁnes thinly draping the dark carbonaceous laminae was possibly the result of bafﬂing
and trapping of terrigenous ﬁnes by ﬁlamentous microbiota. Dark carbonaceous laminae encasing intraclasts
was considered to be the result of binding and stabilization by microbiota. Spike-like growth of discrete
laminae strongly suggests an occasional breakdown of colonial homeostasis of phototrophic microbiota. The
microbial community thus appears to have played an active role in stromatolite-building in the Lakshanhatti
Dolomite Member, even though the simultaneous existence of direct carbonate precipitates from sea water
indicates a hybrid origin of these stromatolites.
Resting on shelf sandstone and being capped by dark offshore shale, the Lakshanhatti Dolomite had been
deposited in distal offshore, but not at the great depth, perhaps in an epeiric sea. Progressive deepeningponding author.
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Fig. 1
Dolomit
Lakshanhatti stromatolite, India 293inhibited direct carbonate precipitation. d13C and d18O values suggest normal open marine salinity during
deposition.
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typal colonies of bacteria, especially cyanobacteria
(Altermann, 2002, 2007; Awramik and Margulis, 1974;
Burne and Moore, 1987; Chen et al., 2010). Notwith-
standing structurally similar to modern microbial
stromatolites, some ancient stromatolites are, how-
ever, considered as abiotic (Grotzinger, 1990; Hladil,
2005; Lowe, 1994; Reis, 1908). These authors argued
that even in the presence of microbiotic remains, it is
impossible to comprehend what role microbiota
played in the morphogenesis of ancient stromatolites
(Grotzinger and Rothman, 1996). Power spectral
analysis of traced and digitized stromatolite laminae
led Walter (1996) to assume that fall-out of suspended
sediment, downslide of sediment surface, chemical
precipitation and various random effects can account
for stromatolite morphogenesis. A number of re-
searchers took various mathematical approaches to
arrive at the same conclusion that physical and
chemical depositional processes can entirely account
for stromatolite morphogenesis and there is no need to
invoke the biomediation (Batchelor et al., 2004, 2005;
Corsetti and Storrie-Lombardi, 2003; Grotzinger and
Rothman, 1996; Jogi and Runegar, 2005). Synthetic
columnar and sometimes branching stromatolites have
also been generated with help of colloid spreadingLaterally persistent, continuous, isopachous laminae runs acro
e Member (LDM), India.beam (McLaughlin et al., 2008). Awramik and Grey
(2005) did not ﬁnd any single feature in their
Archean examples that could unequivocally be attrib-
uted to biomediation. Kerans (1982) and Grotzinger
and Reed (1983), presented persuasive arguments
that some Precambrian stromatolites are misnomers
and essentially abiogenic crusts on sea ﬂoor. Pope
et al. (2000) and Sumner (2002) suspected proliﬁc
growth of sea-ﬂoor cement crust during much of the
Precambrian period. Awramik and Grey (2005),
therefore, opined that signiﬁcant contribution of a
component whose biogenecity is beyond any reason-
able doubt should only warrant the name “stromato-
lite” for any such structure. Hofmann (1973, 2000)
advocated the inclusion of abiogenic precipitation into
the deﬁnition of “stromatolite”. Riding (2008) classi-
ﬁed stromatolites according to different origins of
biogenic, abiogenic and hybrid. It is, therefore,
important to identify biogenic components within
ancient stromatolites, in their form, layering, micro-
fabric, chemical composition variation, mineral con-
centration or magnetic susceptibility (Miller et al.,
2011; Petryshyn et al., 2012).
In the above context, stromatolites of the Meso-
proterozoic Lakshanhatti Dolomite Member (LDM) in
India yield a signiﬁcant record of such biogenic and/or
abiogenic processes, because the continuation of iso-
pachous laminae across tens of columns (Fig. 1) simu-
lates abiogenic chemical precipitation (Pope andss stromatolite columns within the Mesoproterozoic Lakshanhatti
294 A. Choudhuri et al.Grotzinger, 2000), although no morphotype ever gua-
rantees biogenecity. Kahanda et al. (1992) created
even laterally discontinuous and branching stromato-
lite columns in the laboratory without involving any
kind of biogenicity and also led to the transition of one
form to another. The lamina-continuity extent
observed within the Lakshanhatti stromatolites is
never achieved in modern forms for which Logan et al.
(1964) coined a term ‘laterally-linked stromatolites’.
In the rock record, such lamina continuity is not com-
mon too, and comparable ones are reported from only
a few formations, such as the CampbellrandeMalmani
Platform of the Transvaal Supergroup (Neoarchean) in
South Africa, the Pethei Group (Palaeoproterozoic) in
NW Canada, and the Burovaya Formation (Meso-
proterozoic) of the Turukhansk Uplift in Siberia
(Riding, 2011; Sumner and Grotzinger, 2004).
Therefore, it seems reasonable to assume that
generation of such lamina continuity required some
exceptional conditions in the depositional setting of
the LDM which was rarely achieved in the past. Stro-
matolite columns in this formation are commonly ﬂat-
topped and the intercolumnar areas are constricted
and deep. Little change in lamina-thickness occurs
between top of the columns and bottom of the deep
crevices between laminae (Fig. 1). We hypothesize
that lateral continuity and evenness of the laminae are
the result of chemical precipitation of cement crust on
the depositional surface. Digital stromatolites, locally
present in the LDM, are regarded as cement crusts by
some researchers (Grotzinger and Knoll, 1995;
Grotzinger and Reed, 1983; Hoffman, 1975; Riding,
2008); while, Tang et al. (2013) asserts that the stro-
matolites are, indeed, biogenic. We study macro-,
micro- and ultramicroscopic details of the LDM stro-
matolites, their geochemistry and Raman spectroscopy
of their constituents, to arrive at a reasonable
conclusion about the origin of these stromatolites.2. Sedimentological, stratigraphic and
palaeoenvironmental context of LDMThe LDM is located near the top of the Simikere
Subgroup in the Kaladgi Basin, Karnataka, India
(Fig. 2). The Simikere Subgroup is largely constituted
by siliciclastics, turning calcareous only in the LDM
(Fig. 2). As the absence of precisely datable materials,
the Simikere Subgroup is tentatively considered to be
Mesoproterozoic, primarily on the basis of stromato-
lites at older and younger stratigraphic levels (Sharma
and Pandey, 2012). However, the group is completely
devoid of skeletal fossils even within carbonate unitsthat have been altered to chert. The basal part of the
formation rests on an unconformity and is composed of
a poorly sorted and ﬁning-upward ﬂuvial lowstand
deposit (Fig. 2a, b) which is terminated upward by a
well sorted, tabular body of marine shore-zone
conglomerate that was deposited as a ravinement
deposit (Fig. 2c). On the top of this deposit is an
arenaceous section, overprinted mostly with wave
features (Fig. 2d, e) and locally with tidal features;
this unit appears to be originated on a shelf (Fig. 2f).
This ﬁning-upward shelf sandstone passes upwards into
the Govindakoppa Argillite Member, which is the red-
dishsilty shale turning progressively calcareous up-
wards (Fig. 2g). The latter presumably originated in an
offshore marine environment. An overall transgressive
trend is apparent in the above described section.
The Govindakoppa Argillite Member turns upwards
into the LDM (Fig. 2), though the direct contact surface
between the LDM with the Argillites was not observed
(Fig. 2hel). Current structures are never encountered;
erosional features are minor in scale and also scarce in
the LDM. There are a few bodies of clast-supported
intraclastic conglomerates with lenticles of the
recorded maximum width of 55 cm and thickness of
40 cm respectively. All these features depict a
continuation of the transgressive systems tract (TST)
across the LDM. The LDM was studied in two isolated
outcrops at two stratigraphic levels (L1 and L2; Fig. 3).
At L1, the unit is around 4 m in thickness, and the upper
and lower contacts of the LDM are covered; the base of
the LDM is about 0.6 m above the underlying older
shale. At L2, the LDM is 10e12 m thick and is uncon-
formably overlain by the younger grayish-green shale
(Dadanhatti Argillite Member; Fig. 2) which is cut by
shallow and narrow submarine channels that spilled
sands onto their ﬂood-plains (Fig. 2m). The underlying
older shale is not exposed at L2. The section at L2
obviously represents the top part of the LDM, while the
section at L1 is at a lower stratigraphic level. The
carbonate platform was apparently transitory and was
later drowned, as the Dadanhatti Argillite Member was
deposited upon it. The LDM is thoroughly dolomitized,
replete with numerous chopping marks, and locally
cherty. The dolomite is stoichiometric (Table 1).3. Materials and methodsSampling of rocks was carried out from the two
isolated outcrops of Lakshanhatti Dolomite mentioned
above with the intention to represent for all the vari-
eties of stromatolites encountered. Samples were
sliced into halves, one half was polished and the other
Fig. 2 Detailed sedimentological, stratigraphic and palaeoenvironmental context of the Simikere Subgroup (the LDM is the only carbonate
horizon within the sequence). The left columns show the stratigraphy, the depositional environment and the systems tracts of the Simikere
Subgroup in the Kaladgi Basin. A representative lithologic log along with photographs has been drawn to show the overall depositional nature
of the Simikere Subgroup. Note (a) the basal unconformity in between the Lokapur Subgroup and the Simikere Subgroup; (b) gradually ﬁning-
upward trend within the Muchkundi Sandstone 1; (c) shore-zone conglomerate; (d) double mud drape layers; (e) strata with hummocky cross
bedding and (f) wave ripples within the Muchkundi Sandstone 2. Also note the sandstoneesiltstone intercalation of the Muchkundi Sandstone 2
gradually turns upwards into the silty shale of the Govindakoppa Argillite (g) and is overlain by the LDM in turn. The LDM consists of several
varieties of stromatolites: (h) ﬂat-topped, arch-shaped stromatolite; (i) narrow-based, cauliﬂower-like stromatolite that grades upwards into
a conical stromatolite; (j) small digital stromatolite and conical stromatolite; (k) domal stromatolite that changes into a digitate form both
vertically and laterally; and (l) domal stromatolite and conical stromatolite. Carbonate deposition ceased due to a drowning unconformity,
and the LDM was overlain by the Dadanhatti Argillite Member, which is comprised of ripple laminated shales (m). Length of the knife is 8.5 cm,
length of the pen is 14 cm, and length of the hammer is 30 cm.
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296 A. Choudhuri et al.half was used to prepare thin sections. 45 thin sections
were used for petrographic and compositional studies.
Cathodoluminescence study was performed at 520 mA
and 15.8 kV on a Leica petrographic microscope in the
Department of Geological Sciences, Jadavpur Univer-
sity, India.
d18O and d13C were measured from powdered
samples reacted with ~98% H3PO4 at 72 C in sealed
vessels ﬂushed with helium gas. Head-space sampling
of evolved carbon dioxide was performed with a Fin-
nigan Gas-Bench, and isotopic ratios were measured
with GEO 20-20 stable isotope ratio mass spectrometer
(CFIRMS) at the National Stable Isotope Facility of IIT,
Kharagpur. Average analytical precision was ±0.1‰ and
BDH (University College London) and Z-Carrara (PRL/
Cambridge University) marble standard was used as a
reference material (d18O = −2.1‰, d13C = 2.1‰).
Values are reported in per mil (‰) relative to the VPDB
(Vienna Pee Dee Belemnite) standard.
Gold coated thin sections were studied under
Scanning Electron Microscope with facility for energy-
dispersive spectroscopy (EDS) at University of Pretoria,
South Africa using JEOL JSM-5800 LV analysis and at
Geological Survey of India (GSI) using Zeiss Evo 40
(Oxford Inca Penta FETX 3, Model-7636). Some thin
sections were also analyzed with an electron probe
microanalyzer (EPMA) CAMECA Sx100 at the GSI. 15 kV
accelerating voltage and 12 nA current beam diameter
of 1 micron were maintained in the last experiment.
Confocal laser Raman microscopes at the Depart-
ment of Geology, University of Johannesburg, South
Africa (WITec alpha300R) and at the GSI (Renishaw In
Via) further supplemented the geochemical study.
Spectral range of the spectrometer was 532 nm in the
ﬁrst and 514 nm and 785 nm in the second laboratory.
The obtained Raman spectra were compared with
Schopf et al. (2002, 2005) and Schopf and Kudryavtsev
(2005).4. Macroscopic characteristicsBedding plane exposures are unavailable, there-
fore stromatolite morphology was studied only in two-
dimensional exposures, in cut hand specimens and in
thin sections. In the broadest terms, the LDM stro-
matolites acquire three different forms, viz., domical,
conical and digitate. The ﬁrst category dominates over
the others, although the conical form is more
frequently present in the lower part of the formation.
Lateral and vertical form transitions are not uncom-
mon (Fig. 2jel), but are more frequent between
domical forms of different types, such as, arch-shaped, ﬂat-topped but narrow-based, and
cauliﬂower-like (Fig. 2h, i). Disregarding the form
variations, individual millimeter-scale lamination is
laterally continuous for many tens of meters across
multiple columns. The spaces between the columns
are generally constricted (Fig. 4a), but may also be
wide and ﬁlled by ﬂat isopachous laminae (Fig. 4b).
The archetypal upward convexity of the stromat-
olites is acquired both passively as well as actively.
Substrate irregularities are often overlain by laminae
that passively initiate them (Fig. 5a). In this case,
lamina-thickness remains laterally uniform; column or
interspace width does not change with the successive
lamina accretion. In many places, columns are actively
built up from planar surfaces (Fig. 5b). The columns
commonly widen, rapidly constricting the interspaces.
Interspaces are generally constricted and deep
because accreting laminae thins as they descend from
top of the columns (Fig. 4a). The opposite trend results
in the slow widening of the interspaces (Fig. 4b).5. Microscopic characteristicsThe general microscopic fabric of the entire LDM is
constituted by repeated alternations between
laterally-persistent dark micritic layers and layers of
clear sparry cement crystals (Fig. 6a). In the exposure
of the lower stratigraphic level, L1, the cement layers
range up to 5 mm in thickness. Thickness of the dark
micritic laminae is restricted to 10e15 mm. Many of the
clear sparry cement layers display relic forms of
elongated fan-shaped crystals which precipitated
normal to the substrate provided by the dark micritic
laminae, despite the omnipresent overprint of later
formed dolomite rhombs. Follicles after follicles are
stacked up, and separated from each other only by thin
dark micritic layers. The elongated crystals grew on
the underside of the upward-widening stromatolite
heads, vertically or even from overhanging margins
(Fig. 6b).
In the higher stratigraphic level L2, the dark
micritic layers are generally thicker than the sparry
cement layers (<200 mm). Fan-shaped crystals are ab-
sent. The dark micritic layers generally grade upwards
from layers characterized by clotted micrite and
sucrosic microspars between them. Tortuous cement-
ﬁlled pipes with fuzzy boundaries of 0.5e2.0 mm
diameter run across these layers of clotted micrite and
sucrosic microspars (Fig. 6c). Some of these pipes may
also penetrate the overlying dark micritic layers,
where their boundaries are better deﬁned (Fig. 6c).
Together these two layers may make up a thickness of
Fig. 3 Studied outcrops of the Lakshanhatti Dolomite Member (LDM), L1 and L2, near Lokapur town in Bagalkot district, Karnataka (within the
inset map of the southern part of India showing the Kaladgi Basin).
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within the dark layers. The cavities are ﬁlled by two
generations of cementd The ﬁrst cement generation
is a wall lining made of crystals having blunt-headed
shape and the second generation is comprised of
blocky carbonate (Fig. 6d). The upper surfaces of the
dark micritic layers are always sharp and may be
sculpted with rows of little humps, with the average
width of 3.5 mm and the average height of 2.0 mm.
Thin isopachous cement may overlie this humpy sur-
face (Fig. 6e). At other places the humps are separated
from each other by V-shaped steep-sided crack-like
features ﬁlled with cement that never spills over the
bed surface (Fig. 6f). Here, the cement may also be of
two generations, the ﬁrst cement generation is also of
blunt-headed carbonate crystals, while the second
cement generation is comprised of silica.
At level L2, several intraclastic conglomerates
occur, with a lenticular and concave-up base ranging in
width between 30 cm and 55 cm and thickness be-
tween 30 cm and 40 cm respectively (Fig. 6g). The
conglomerates are generally clast-supported. The
clasts are rounded in shape with the diameter up to
5 mm, and made of micritic carbonates with intersti-
tial spaces ﬁlled with the samematerial. Strikingly, the
clasts often bear darker micritic coats, locally in
multiple generations which are separated from each
other by dirty light-colored coatings (Fig. 6h).In the same level L2, occasional dark micritic layers
containing darker micritic chips ﬂoated within matrix
and distributed either uniformly or in normally graded
form. These layers appear under the microscope to be
non-uniform in the lateral thickness, thickening most
at the base of local slopes (Fig. 6i). The chips may be
curved with their ends upturned (Fig. 6j).
Stylolites are omnipresent, and are relatively more
common in the lower part of the LDM. The majority of
the stylolites are oriented lamina parallels, preferably
along the darker laminae. Cubic diagenetic iron min-
erals tend to concentrate along the stylolites (Fig. 6k).
Oblique stylolites are also found; they are commonly
truncated, and are only occasionally displaced by the
deeply-pervasive late-diagenetic cracks. The cavities
created by the stylolites and the cracks are ﬁlled with
carbonate cement, and are also the preferred sites for
later siliciﬁcation.6. Cathodoluminescence characteristicsIn the cathodoluminescence (CL) images, both the
dark and light laminae show commonly dirty but bright
orange luminescence, and are generally indistin-
guishable. In comparison, the orange luminescence of
dark rims around the rounded intraclasts is brighter
and cleaner; while the luminescence is reduced for
Table 1 Stoichiometric data of the Lakshanhatti Dolomite Member.
Mg (ppm) Ca (ppm) Fe (ppm) Mn (ppm) Na (ppm) Si (ppm) Al (ppm) P (ppm) K (ppm) Ti (ppm) Cr (ppm) Ni (ppm)
Dark micritic layers 359,433.96 633,962.26 4402.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 628.93
330,403.15 646,256.44 10,912.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Clotted micrite 335,907.34 654,885.65 3267.00 594.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
348,465.87 648,716.34 1565.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sucrosic microspar 377,395.63 609,923.84 1744.87 434.46 1456.40 616.93 0.00 7962.48 465.39 0.00 0.00 0.00
373,116.78 617,527.77 206.96 0.00 789.70 390.27 0.00 6847.23 883.21 0.00 238.08 0.00
367,591.46 620,793.99 1917.96 424.50 0.00 0.00 0.00 7536.79 0.00 657.59 0.00 1077.71
362,227.46 627,458.21 827.41 0.00 0.00 0.00 0.00 7787.54 220.68 851.05 0.00 627.65
Sparry cement crystals
with relic forms of
elongated fan-shaped crystals
377,395.63 609,923.84 1744.87 434.46 1456.40 616.93 0.00 7962.48 465.39 0.00 0.00 0.00
373,116.78 617,527.77 206.96 0.00 789.70 390.27 0.00 6847.23 883.21 0.00 238.08 0.00
367,591.46 620,793.99 1917.96 424.50 0.00 0.00 0.00 7536.79 0.00 657.59 0.00 1077.71
362,227.46 627,458.21 827.41 0.00 0.00 0.00 0.00 7787.54 220.68 851.05 0.00 627.65
Cement ﬁlled pipes across the
layers of clotted micrites
and sucrosic microspars
316,086.19 673,253.72 700.41 0.00 445.42 1540.91 0.00 7724.27 249.08 0.00 0.00 0.00
359,515.14 625,958.34 0.00 1874.14 797.78 591.40 453.30 9541.09 0.00 0.00 0.00 1268.81
338,288.05 649,048.24 0.00 0.00 603.92 0.00 0.00 9389.37 0.00 0.00 2670.41 0.00
Bird's eye structure Early cement 336,163.98 658,857.98 878.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
340,036.01 650,660.26 0.00 300.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 300.12
Late cement 358,199.75 637,792.85 2157.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
337,662.34 657,319.95 885.48 590.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V-shaped crack Early cement 330,573.85 563,133.23 956.94 190.59 2551.66 46,744.82 46,367.62 5694.78 2460.14 0.00 1326.35 0.00
386,159.06 604,459.13 627.91 0.00 1195.93 396.28 454.78 6706.90 0.00 0.00 0.00 0.00
332,743.04 654,630.67 2501.30 830.30 0.00 1183.95 0.00 6202.17 223.28 0.00 1685.28 0.00
353,496.79 634,183.81 411.35 0.00 391.73 1947.06 446.89 8473.65 440.63 0.00 0.00 208.10
397,219.45 590,524.63 2705.74 829.08 396.42 0.00 226.12 8098.57 0.00 0.00 0.00 0.00
Late cement 273,969.80 584,911.12 7169.94 0.00 1707.00 63,727.46 47,602.38 7521.65 12,160.46 1230.19 0.00 0.00
365,301.60 608,722.50 2256.62 204.29 11,135.73 971.03 445.75 6338.93 2856.74 1055.95 710.85 0.00
Isopachous cement 350,979.06 618,807.36 640.51 0.00 0.00 201.30 19,867.47 8030.66 0.00 0.00 1473.65 0.00
335,356.16 650,186.05 218.78 0.00 1245.06 3094.21 0.00 9226.77 0.00 672.96 0.00 0.00
324,584.73 653,217.56 1252.26 0.00 3325.66 6375.77 1625.98 8564.06 801.60 0.00 0.00 252.39
343,741.18 642,181.12 643.30 1063.41 406.77 0.00 1160.12 9287.72 0.00 219.86 0.00 1296.53
361,069.41 629,599.18 0.00 2266.56 0.00 0.00 0.00 6630.21 221.64 213.01 0.00 0.00
326,676.99 651,781.37 3471.07 2065.64 877.93 5672.72 500.78 7385.25 0.00 237.26 1331.01 0.00
352,158.97 637,326.72 214.52 0.00 203.47 809.05 0.00 7824.50 228.87 0.00 1233.90 0.00
334,310.93 653,057.54 1799.13 669.17 426.61 1060.20 730.02 7946.40 0.00 0.00 0.00 0.00
315,27.07 2168.95 718.79 814.77 1460.91 495,895.68 353,658.02 0.00 112,180.15 1368.69 0.00 206.95
364,540.24 598,093.06 4061.47 604.25 385.22 19,529.87 2197.33 6944.00 866.61 208.21 2569.72 0.00
362,713.15 629,319.20 212.95 0.00 0.00 0.00 230.41 7524.29 0.00 0.00 0.00 0.00
Cement within stylolite 333,532.40 655,120.93 5374.74 597.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
348,662.46 650,736.40 601.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
325,833.10 667,616.06 284.82 854.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
343,074.58 650,837.14 2435.31 1522.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
337,762.03 657,514.02 1771.48 1476.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
346,387.37 649,969.64 2428.66 1214.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Lakshanhatti stromatolite, India 299intraclasts themselves (Fig. 7a). Comparatively
brighter orange luminescence is also found in the dark
chips. Dark rims that surround fenestrae also show
similar bright orange luminescence. In contrast, the
ﬁrst generation cement along inner walls of bird's eye
structures and fenestrae show dull luminescence
(Fig. 7b) as the isopachous cement coating the dark
layers (Fig. 7c). On the other hand, both the carbonate
cement within the V-shaped cracks and the second
generation carbonate cement within bird's eye struc-
tures and fenestrae show bright orange luminescence
(Fig. 7d). Carbonate cements within voids created by
the stylolites and the late diagenetic cracks, all
possess the bright orange luminescence.7. Geochemical characteristicsThe most important petrographic constituents in
determining the biogenecity of the stromatolites are
the dark micrite forming laminae, coats around intra-
clasts and dark micritic chips. Enhanced carbon con-
tents of all these three features, with a maximum
recorded C content of about 41% is far more than what
can be accounted for inorganic carbon in dolomite
using mass balance calculation of molecular weights
(Deer et al., 1966). Raman spectroscopy peaks at
~1350 cm−1 (D1 peak) and ~1600 cm
−1 (G peak), and
conﬁrms the substantial presence of kerogen (Schopf
and Kudryavtsev, 2005; Schopf et al., 2002, 2005).
The layers with clotted textures, in which the dark
micritic layers often grade upwards, form two broad
humps in Raman spectra at 1355 cm−1 and 1595 cm−1,
indicating the substantial presence of kerogen
(Fig. 8a). A progressive decrease in carbon content
downward from the dark micritic layers noted in
energy-dispersive spectroscopy (EDS) is consistent
with the gradual nature of the transition (Fig. 8b).
Dolomite crystals are, however, comparatively more
magnesian and phosphate-enriched in the layers with
clotted textures than in the dark micritic layers
(Table 1). EDS compositional mapping reveals thin
(>5 mm), laterally discontinuous, light colored,
discontinuous patches on top of some composite
paired laminae of clotted textures and dark micrite,
and these discontinuous overlying layers are enriched
in Si and Al (Fig. 8c). Similar enrichment is found be-
tween successive dark micrite coatings on/around
intraclasts (Fig. 8d). The opaque mineral crystals
preferably associated with the dark micritic layers are
essentially iron-rich (Table 2).
The petrographic constituents having clear bio-
genicity within these stromatolites, are the thin
Fig. 4 Stromatolites showing constricted inter-columnar area (arrowed) (a) as well as wide inter-columnar area (arrowed) (b).
Fig. 5 Convex stromatolitic laminae formed due to substrate irregularities (arrowed) (a) and formed due to biogenic processes on a planar
surface (arrowed) (b).
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Fig. 6 aee The microscopic fabrics of the Lakshanhatti Dolomite Member (LDM)d Repeated alternations of dark micritic and lighter sparry
calcite cement layers (a, b). Note the substrate-normal growth of fan-shaped crystals at the overhanging margins of stromatolite columns
(within inset of Fig. 6b; arrowed). Cement ﬁlled vertical pipes (arrowed) (c) and cavity structures (red arrow for outer cement and yellow
arrow for inner cement) (d) in dark micritic layers. Note needle shaped cements line the outer margins, while blocky carbonate crystals ﬁll
the inner space of the cavity (d). Thin, isopachous cement layers (arrowed) drape over the rows of small humps of dark micritic layers (e).
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Fig 6 fek The microscopic fabrics of the Lakshanhatti Dolomite Member (LDM)d Rows of steep-sided V-shaped cracks (arrowed) at the top
of dark micritic layers (f). Field photograph of clast-supported, intraclastic conglomerates within LDM (g). Rounded clasts of intraclastic
conglomerates under the microscope, the yellow box is zoomed in to show multiple numbers of dark micritic coats (green, red and yellow
arrows to show three successive coats) around the clast, separated by light colored coats (h). Darker micritic chips (arrowed) ﬂoating within
dark micritic layers show normal gradation (i). Darker micritic chips (arrowed) are curved in shape and have their ends upturned (j). Cubic
diagenetic pyrite crystals (arrowed) preferably concentrated along the darker laminae (k).
302 A. Choudhuri et al.isopachous cements that occasionally drape the dark
micritic layers (Fig. 6e) and also coat some intraclasts
(Fig. 6h). This kind of cement is more enriched in
phosphate than the dark micrite. However, the layers
with clotted textures show the similar enrichment
with regards to phosphate. Similar phosphate enrich-
ment of the ﬁrst generation carbonate cements within
the V-shaped cracks and the bird's eye structures is
equally conspicuous. Carbonate cements of the late
origin, such as those ﬁlling the long pervasive cracks or
ﬁlling the cavities created by slide along stylolites,
however, contain little phosphate. Despite these dif-
ferences, the dolomite crystals, in general, are stoi-
chiometric, as far as Ca:Mg ratios are concerned.
d13C and d18O values (Table 3) indicate normal
marine origin, perhaps with little diagenetic inﬂuence
upon them. However, available isotope data are too
few for the palaeosalinity determination of sea water
and to test whether high palaeosalinity could be aplausible reason or not for the propensity of carbonate
precipitation directly from sea water (Craig and
Gordon, 1965; Yin et al., 1995).8. DiscussionThe elongated fan-shaped crystals with blunt ends
were possibly aragonitic deposits primarily (Flügel,
2013). Direct precipitation of aragonite from sea
water is reported, though not frequently, especially
from tropical and subtropical settings (Kempe and
Kazmierczak, 1994; Leeder, 2012; Riding and Liang,
2005). Sharp contact with intervening dark micritic
layers makes diagenetic origin of these sparry crystals
grown in fan-shaped arrangement highly unlikely
(Bathurst, 1975). The preponderance of these fan-
shaped crystals in level L1, as well as the presence
of thin isopachous cement between dark micritic
Fig. 7 Cathodoluminescence (CL) characteristics of the Lakshanhatti Dolomite Member (LDM) (all the left-side photos are under plane
polarized microscope and right-side photos are under CL). Bright orange luminescence of the darker micritic rims (arrowed) around intra-
clasts, but the clasts show the reduced luminescence (arrowed) (a). Dull (yellow arrow) and bright luminescence (green arrow) of the ﬁrst
(yellow arrow) and the second generation (green arrow) cements respectively within the bird's eye structures (b). Dark micritic layers show
bright orange luminescence while the isopachous cement (arrowed) coating the layers appears dull (c). Also note the bright luminescence
(green arrow) of the second generation cement within V-shaped cracks (d).
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Fig. 8 a,b Geochemical characteristics of the Lakshanhatti Dolomite Member (LDM). Raman spectroscopy peaks are recorded from both a
dark micritic layer (red cross) and a clotted layer (yellow cross); note the sharp Raman peak at ~1350 cm−1 and ~1600 cm−1 corresponding to
dark laminae (red curve), while Raman spectra from the clotted layer (blue curve) shows two broad humps at 1355 cm−1 and 1595 cm−1 (a).
EDS carried out on a total of 13 points records the change in carbon content from both dark micritic laminae and layers with clotted textures;
note the high amount of carbon recorded from three points within dark layers (point 3, 9 and 12); a progressive decrease in carbon content
from dark micritic laminae to clotted laminae matches with the gradual, transitional nature between two types of laminae (b).
304 A. Choudhuri et al.laminae in level L2, attests to high carbonate ion
concentrations in the Lakshanhatti Sea. The presence
of thin cement layers between vertically juxtaposed
dark micritic layers, especially within the intraclasts
provides evidence of the early carbonate precipita-
tion. Surface-normal growth of fan-shaped crystals,
even at the underside of stromatolite heads or on
overhanging walls of upward-expanding stromatolite
columns, clearly points to the direct precipitation ofcarbonate crystals from the ambient formational
water, and not the settling of carbonate crystals from
ﬂoating whiting (Robbins and Blackwelder, 1992). The
dark micritic layers served as reactive nucleation
surfaces and as substrates for the surface-normal
growth of fan-shaped crystals (Allwood et al., 2009).
Substantial kerogen content makes the dark
micritic layers as a good candidate for microbial mats,
even though kerogen is not always biogenic (Buick
Fig. 8 c,d Geochemical characteristics of the Lakshanhatti Dolomite Member (LDM). EDS compositional mapping reveals Si-rich (red area)
and Al-rich (blue area) discontinuous patches on top of paired laminae with a clotted texture and dark micrite (c), and between successive
dark micritic coatings around intraclasts (d).
Lakshanhatti stromatolite, India 305et al., 1995; Kudryavtsev et al., 2001). The production
of dark chips as the result of erosion and curling of such
chips imply a mat-like cohesiveness of the dark
micritic layers (Schieber et al., 2007). Preferred in-
clusion of diagenetic pyrite or its pseudomorphs is
consistent with microbial mat identiﬁcation of these
layers, which degraded in the sulfate reduction zone
(Schieber, 2007). The layers with clotted textures and
sucrosic carbonate microspars may, indeed, be the
decomposed bottom part of the mats, as suggested byHarwood and Sumner (2012); gradational contact be-
tween these two layers as well as gradual variation in
carbon content across this contact strongly corrobo-
rates this contention. The fuzzy pipes through these
layers with clotted textures are attributable to
degassing of decay gases (Schieber et al., 2007). Even
though FeO > MnO2 (Table 2), the CL activator MnO2 is
likely to have exceeded the CL quencher FeO in in-
ﬂuence, which explains the bright orange lumines-
cence in both the layers with a clotted texture and the
Table 2 Electron probe microanalyzer (EPMA) analysis of opaque mineral crystals preferably associated with dark micritic layers.
Sample Na2O (%) SiO2 (%) MgO (%) Al2O3 (%) P2O5 (%) K2O (%) CaO (%) TiO2 (%) Cr2O3 (%) FeO (%) NiO (%) MnO (%) Total
Pt 1 0.32 2.55 0.70 0.42 0.04 0.05 0.62 0 0 64.78 0.08 7.64 77.19
Pt 2 0.16 2.57 0.48 0 0.09 0.03 0.31 0.03 0 77.70 0 1.33 82.70
Pt 3 0.33 1.90 0.37 0.10 0.31 0.02 0.57 0.07 0.03 74.77 0.02 1.74 80.22
Pt 4 0.10 2.11 0.18 0.04 0 0.03 0.27 0 0.08 74.51 0.05 5.97 83.34
Pt 5 0.20 1.82 0.52 0.14 0.13 0 0.29 0 0.06 75.49 0 0.47 79.12
Pt 6 0 2.62 0.62 0.25 0.11 0 0.28 0 0.07 75.91 0 0.83 80.69
Pt 7 0.03 1.91 0.32 0.01 0.21 0 0.44 0 0 78.07 0.01 1.39 82.38
Pt 8 0.05 2.14 0.60 0.06 0.25 0 0.41 0 0 77.01 0 1.42 81.94
Pt 9 0.10 2.30 0.46 0.05 0.30 0.03 0.38 0.03 0 73.47 0 1.87 78.98
Pt 10 0.09 3.20 1.10 0.29 0.09 0.01 0.89 0 0.11 71.33 0.05 0.16 77.32
306 A. Choudhuri et al.dark micrite (Sarkar et al., 2014). On the contrary, dull
luminescence of the early diagenetic cements suggests
the predominance of FeO with or without MnO2 (Sarkar
et al., 2014). Unlike the dark micritic layers, the layers
with clotted textures incorporated phosphate from the
metabolic activity of bacteria, presumably during the
recrystallization of carbonate crystals (Dupraz et al.,
2009; Soudry, 2000). Higher reaction kinetics be-
tween Ca2+ and HCO3
2− ions during deposition of pri-
mary micrite possibly inhibited PO4
2− incorporation.
During diagenesis, slow precipitation allowed slow
growth of larger crystals and apparently removed this
restriction on the incorporation of phosphate. How-
ever, a dearth of oxygen during deep-burial diagenesis
ruled out the incorporation of phosphate again (Glenn
et al., 2000). Thus the latter origin cements are devoid
of phosphate. Withdrawal of Fe in the form of FeS from
the reactive system is possibly the main reason for
these late cements which have bright orange lumi-
nescence (Sarkar et al., 2014).
Examples of a narrow but tall spike involving a dark
lamina comprise the most signiﬁcant single structure
in terms of stromatolite biogenesis (Fig. 9a). Momen-
tary breakdown of homeostasis in microbial colony
because of the sudden urge for light for a phototrophic
biocoenosis is indicated. Widely to locally graded
layers of microbial chips were possibly deposited from
plumes stirred up along the top of stromatolite ridges
during storms. Thickening of these layers at the base of
local slopes and common concave-upward chipsTable 3 d13C and d18O data of the Lakshanhatti Dolomite
Member.
Sample d13C d18O
JU/LK/1 −0.6 −6.0
JU/LK/2 0.2 −7.9
JU/LK/3 0.2 −7.9
Note: Values are reported in per mil (‰) relative to the VPDB (Vienna Pee
Dee Belemnite) standard.strongly corroborate the deposition from suspension
(Kidwell et al., 2015).
It is, however, important to ascertain whether the
dark micritic layers merely acted as a substrate for the
growth of cement crystals or actively participated in
building the stromatolite forms. The SieAl-rich
topping on the dark micrite layers suggests trapping of
ﬁne siliciclastics by ﬁlamentous cyanobacteria
(Fig. 8c) or alternatively, it could be the diagenetic
mass of phyllosillicates which are known to grow from
nucleation in microbial mats and within coccoidal
cyanobacteria (Kazmierczak et al., 1996, 2015; Merz-
Preiß, 2000). Joining and bifurcation of dark micritic
layers encircling sediment masses simulate the bind-
ing activity of microbial ﬁlaments (Fig. 9b). In this
context, ﬁlamentous form overgrown with carbonate
cement crystals appears to be signiﬁcant (Fig. 9b; cf.,
Callow and Brasier, 2009; Samanta et al., 2011;
Seeong-Joo et al., 2000). Morphologically diverse
microbial mat growth places the depositional envi-
ronment of the LDM within the photic zone. The
presence of bird's eye structures, though scarce, rules
out deposition under deep ocean water conditions.
The minute V-shaped cracks never having their inﬁll-
ing cements spilling over are more likely to be syner-
esis cracks rather than of a desiccation origin (Bose
and Mazumdar, 1996). Clay admixing with carbonate
sediment might have prompted the process (Pratt,
1998). Wide lateral continuity and general evenness
of laminae in conjunction with a lack of current
structures and scarcity of intraclasts eroded from the
substratum point to a calm environment. Deposition
thus seems to have taken place beneath the fair-
weather wave base (FWWB) and possibly below the
base of most storm waves within a transgressive sys-
tems tract (TST). The complete exclusion of sand-
sized siliciclastic grains is in perfect agreement
with this contention. All of the above mentioned
sedimentological aspects suggest that deposition was
likely to take place in a distal, but not very deep,
offshore environment within an epeiric sea that
Fig. 9 Cone within dark laminae of the stromatolite (a). Binding activity of microbial ﬁlaments is shown by the feature of amalgamation
(yellow arrow) and bifurcation (red arrows) of dark micritic layers wrapping around particle masses (b).
Lakshanhatti stromatolite, India 307encouraged inorganic carbonate precipitation, phos-
phatization of sediment and a subdued storm regime
because of the prolonged bottom friction (Pratt and
Holmden, 2008; Sarkar et al., 2004). Abrupt burial
under the deep basinal ﬁne siliciclastics indicates the
drowning of this huge stromatolite unit (Octavian,
2006). An upward decrease in the evidence of direct
inorganic carbonate precipitation and the complete
absence of fan-shaped crystals in the upper LDM
essentially follow the observation made by Pope andGrotzinger (2000) in which they suggest that the pro-
pensity of inorganic precipitation directly from sea
water decreased with the increase of water depth.9. ConclusionsThe tentatively Mesoproterozoic stromatolitic
Lakshanhatti Dolomite Member developed during the
308 A. Choudhuri et al.deposition of a transgressive systems tract in an
epeiric sea at a depth reached only by extra-strong
storm waves. The stromatolites are of a hybrid
origin, with both biotic and abiotic components
contributing equally in their growth. The inorganic
components are not like those from whitings, but
precipitated from ambient sea water directly onto
available depositional surfaces. Fan-shaped crystals
grew on every depositional surface, even along the
undersurface of broadened stromatolite heads or
overhanging stromatolite walls. Epeiric sea water was
evidently saturated with Ca2+ and HCO3
2−, and also
saturated with PO4
2−, so that diagenetic products
generally incorporated phosphate ions as long as suf-
ﬁcient oxygen was available in the reactive system.
Inorganic precipitation was, however, compara-
tively restricted by an increase of the water depth.
The kerogen-rich microbial mat layers not only acted
as substrates for the inorganic precipitates, but also
actively participated in trapping, binding and stabi-
lizing sediments. Microbial mat chips that settled from
rare storm-stirred plumes generated on the top of
stromatolite ridges also contributed distinctive
lamina-components. Microbial ﬁlaments overgrown
with carbonate crystals found in the dark micritic
layers may be primary in origin.
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